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Resolving nanoscopic structuring and interfacial THz dynamics in 
setting cements 
Fu V. Song,a Bin Yang,b Devis Di Tommaso,a Robert S. Donnan,c Gregory A. Chass,a,d,e* Ricky Y. Yada,d 
David H. Farrar e and Kun V. Tian,d,e,f* 

The setting dynamics of two commercial cements have been tracked over >24 hours of setting with non-destructive THz 
spectroscopy and neutron scattering. Two established glass ionomer cements (GICs) were measured, both exhibiting similar 
and commercially agreeable non-linear settings associated with changes in interfacial particle dynamics through variations 
in their collective low-energy vibrations. These dynamic trends were temporally mirrored in neutron Compton scattering 
(NCS) profiles throughout the setting for both the bulk material and individual atomic kinetic energy changes. Structural 
evolutions in the ~1-30nm range were correlated with changes in small angle neutron scattering (SANS) profiles over setting. 
Accompanying models of the interfacial structures and the amorphous glass components of the cements helped make the 
dynamic and structural trends comprehensible. The combined observations helped elucidate key temporal features in the 
setting of the cements, whilst suggesting the functional role played by the THz vibrations, in particular at dynamically 
coordinated interfacial Al-atom pivots. The insights obtained could help evolve nano-scopic strategies to optimise 
(bio)cements and their eventual properties. 

1. Introduction 
The history of implanting foreign materials into the human body 
can be traced back to ancient civilizations employing natural 
materials as replacements for missing or damaged teeth (i.e., 
bone, shell, wood). Presently, such implantation continues to be 
epitomised by dentistry, which by-far, provides the most 
pervasive and historic test-set, with dental solutions 
transferable to orthopaedics and beyond. 

This is exemplified by the wide and expanding applications 
of dental glass ionomer cements (GICs),1 also known as glass 
polyalkenoate cements,2,3 which are on the WHO’s list of 
essential medicines. Being the composite product of the acid-
base reaction between an aqueous poly(acrylic) acid solution 
and a fluoro-alumino-silicate glass powder (Fig.1),4,5 GICs have 
become a biomaterial of choice due to their satisfying the 
challenging requirements of bone and tooth prosthetics 
including: natural adhesion through ion-exchange with 
hydroxyapatite, the structural prototype of bone and tooth,6,7 

good thermo-responsive behavior through thermal coefficient 
matching to bone and tooth,8 durable and sustained (F-) 
release,9,10 and the ability to recharge F- from external 
sources.11 These, in addition to not only good 
biocompatibility12,13 yet true bioactivity that stimulates bone 
and tooth remineralisation,14 making GICs near ideal implant 
and osteorestorative materials, similar to modern bioactive 
glasses. Their potential to develop into structural delivery 
systems (i.e., drugs, anti-inflammatories, etc.) have also been 
demonstrated with positive results.15 Yet the fundamental 
bases and control of these attractive and transferable 
properties are not fully characterized and thus worthy of 
further exploration towards further optimisation of these self-
adhesive regenerative biomaterials.  
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Figure 1. Schematic for initiation of cementation in GIC cements, with acid polymer 
attack on glass surface promoting rapid eruption of bridging oxygen bonds (Si-O-Si, Si-O-
Al) resulting in outflow of anions (Ca2+, Al3+, Na+, F–, PO4

3–) into the aqueous medium. 
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There is a need and profitable opportunity to address the 
recurring brittleness of GICs, which has limited their use to low-
to-moderate load-bearing applications since their inception in 
the 1970s.1,16,17 Relevant mechanical properties such as 
hardness and ductility contribute to the battle between 
strength and toughness which are often mutually exclusive and 
albeit the ideal being high values for both, they are as Ritchie 
terms it ‘in perennial conflict’.18 Therefore, a compromise 
between the strength and toughness is often the most 
reasonable (only?) way forward in terms of time, resources, 
scale-up & manufacture, quality control, costs and robustness 
of solutions. Bioinspired solutions have presented encouraging 
leads to tackling this material dichotomy, through hierarchical 
structuring of diverse components from nanoscopic to bulk 
scales.19 Hence, further resolving the atomistic and dynamical 
origins of the brittleness in GICs could uncover possible routes 
to modulating their ductility and effectively raising toughness. 
Such will provide the realisticity to inform on the atomic-scale 
structure, dynamics and setting mechanisms of other 
cementitious systems such as Portland, geopolymer and 
magnesite-based cements; towards raising their longevity and 
perhaps influencing sustainability. 

Indeed, GIC setting dynamics and their role in eventual 
mechanical properties have been previously characterised by 
conventional techniques including (FT)IR and Raman 
spectroscopy. Yet these are not optimal for characterising the 
low energy, far infrared or THz-dynamics that are shown to be 
instrumental in the toughness of amorphous systems, tracking 
phenomena such as the ‘boson peak’ in glasses and disordered 
or amorphous systems.20-22 Much less regular or periodic than 
the modes in crystalline or ordered systems (i.e. phonons), such 
dynamics including collective vibrations involving cooperative 
torsional, twisting, breathing, rocking, librational and other 
such soft, slow modes that fall in the THz regime (~0.1-15 THz ≈ 
3.34-500 cm-1 ≈ 0.4-62 meV). These manifest as whole intra-
particle motions and inter-particle ones involving interfacial 
twist and snap-modes. In the case of GICs, the stepwise 
liberation of ions from acid-attack on the glass surface (Fig.1) 
and subsequent time-dependent structural changes during 
cementation (Fig.2). The overwhelming majority of this change 
residing at the interface, where chemical transformations and 
phase changes significantly modify the local structure. These 
include coordinational changes at Al centres from 4→5→6 
coordination as tracked by 27Al-NMR.23 Such progression of 
interfacial geometries from tetrahedral (Td), through trigonal 
bipyramidal (TBP) and square-based pyramidal (SBP) to 
octahedral (Oh) geometries (Fig.2) affects changes to the 
hybridization of the bonding molecular orbitals and thus 
interfacial properties. As with most cements, only the surface of 
the dry powder particles (glass in the case of GICs) reacts, whilst 
the interior remains unchanged. Hence, the changes in the low-
energy regime presents a means to tracking the developing 
interfaces in GICs.  

Yet, these low-energy modes are not accessible to 
conventional techniques, such as FTIR and Raman, due to 
selection rules,24 else when present are very weak and difficult 
to de-convolute. This region, also termed the fingerprint region, 

has also been dubbed the ‘terahertz gap’ due to the difficulty in 
performing measurements at these frequencies, arising from 
the lack of compact, high-power and low-consumption solid-
state coherent sources and efficient detectors.25,26 

Opportunely, the rapid development of relevant technology 
for the generation and detection of coherent THz radiation has 
made this frequency region more accessible.25,26 The general 
description of THz spectroscopy refers to techniques which 
employ coherent (heterodyne) transceivers as opposed to the 
incoherent (noise) sources historically used in far infrared 
spectroscopies. Furthermore, THz radiation suffers less from 
scattering compared to IR due to the larger wavelength, while 
remaining non-ionizing (non-destructive), allowing it to 
penetrate deeper into materials27,28 whilst not contributing to 
changes in the sample, especially for time-dependent 
measurements. 

THz spectroscopy has been successfully used as a probe for 
monitoring the curing of light-cured dental composite resins of 
clinically relevant dimension (2 mm thickness).29 Such successes 
spurred our initiation to carrying out THz measurements of the 
setting of two commercially available GICs, with comparative 
measurements avoiding the problematic aspect of their high 

Figure 2. Time-resolved atomistic changes during setting of GIC cements over 24 hrs, 
involving attack of the acid-polymer (orange filament mesh) on the Ca-Al-F-Si-O glass 
(blue polygons). Experimental precipitation, NMR and spectroscopic measurements 
provide a glimpse into the time-dependent ion release from the glass and correlated 
evolution of Al’s bonding geometry from tetrahedral-4 to octahedral-6 coordination. 
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water content, which has multiple and strong contributions to 
the spectra. Herein, we employed a coherent THz vector 
network analyser (VNA) setup, coupled with a modular quasi-
optical set-up. 

Towards comparatively characterising the structural 
changes ongoing during setting, small angle neutron scattering 
(SANS) presents a similarly non-destructive technique to probe 
time-dependent changes. Unlike X-rays, neutrons penetrate 
deep into materials,30,31 are highly sensitive to detection of 
hydrogen atoms, as well as disordered systems, including 
liquids. SANS allows for a simultaneous characterisation of scale 
spanning the atomistic through nanoscopic scales and beyond. 
Of particular interest is the Porod range which characterises 
local interface intercorrelations. The Porod range is not a fixed 
measure and changes with system character and environment, 
yet is generally characterised as mesoscopic scale down to ~1 Å-

1; 10’s of nm down to ~6.28 Å in real space. As changes to 
scattering at the Porod range in setting cements remain sparse 
in the literature, we worked to fill this void with SANS 
measurements on setting GICs with focus on characterisation of 
the local interfacial intercorrelations. 

Together with some ab initio molecular dynamics and DFT 
modelling of the interfaces, this combination of techniques 
helped provide a glimpse into the dynamical and structural 
evolution ongoing during setting of the two differing cements, 
with focus on the differences over-time, which are 
overwhelmingly dominated by the developing interfaces, with 
negligible contributions from the unchanging bulk of the filler 
glass material. 

2. Experimental 
2.1 Sample Preparation 

Two sets of commercial GIC cements with different mixing 
methods were studied: GIC-1 produced from mixing G338 glass 
powder (CDL St. Marks Ind. Estate Corby, Northants, UK) and 
Chemflex liquid (Dentsply, DeTrey GmbH, Constance, Germany) 
and GC Fuji Triage (pink) capsules (GC GmbH, Bad Homburg, 
Germany), which contain pre-proportioned glass and polymer. 
The former was hand-mixed with a dental spatula at a 
powder:liquid ratio of 2.5:1 and the latter were machine-mixed 
with a capsule mixer (CM-II, GC GmbH, Bad Homburg, Germany) 
following the manufacturer’s instructions. All preparation and 
measurements were done at room temperature. 
 
2.2 Coherent Terahertz Spectroscopic measurements 

A quasi-optical (QO) transmissometer driven by a vector 
network analyser (VNA) was used to study the cementation 
process over the 220-325 GHz (0.22-0.325 THz) frequency 
domain using a reflection set-up. Immediately following mixing, 
the cements were transferred into a disk-shaped sample cell 
with a THz-transparent (polyethylene) Real TPX® cap and 
sealed; cell dimensions = 11 mm diameter × 1.86 mm thick ≈ 
176.8 mm3 ≈ 0.176 ml. The sample absorbance was recorded 
continuously as spectral reflectance response relative to a 
standard flat aluminium reflector, at 3 min interval for 30 h for 

GIC-1 and 24 h for Fuji Triage. Identical comparative, calibration 
measurements were then repeated on the isolated components 
of GIC-1 (G338 glass and Chemflex liquid) to generate baselines.  
 
2.3 Small Angle Neutron Scattering (SANS) experiments 

SANS data were collected using the NIMROD32 setup at RAL-ISIS. 
Calibration was done using a vanadium reference, after which 
G338 glass powder and Chemflex liquid were independently 
measured in a TiZr sample cell. SANS measurements of GIC-1 
were continually generated over 24 h of setting. Data were 
analysed using the Gudrun program package33 to correct for the 
contributions from the empty cell, instrument background and 
normalize the data to absolute units using the scattering of a 
vanadium standard absorption before attenuation and 
multiple-scattering corrections. Correction for the contribution 
from inelastic scattering by the sample was made using a well-
established method,34 incorporating equations developed for 
total-scattering correlation functions to provide consistent 
definitions.35 The large Q range of the NIMROD setup allows for 
both small- and wide-angle neutron scattering (SANS and 
WANS, respectively) over an approximate q-range of ~0.01-50 
Å-1 with reliable statistics from q ~ 0.01 Å-1 (approximately ~300-
1 Å in real-space, with a resolution of ± 0.1 Å. 
 

 
2.4 Computational Experiments 

The detailed description of the ab initio molecular dynamics 
(AIMD) and density functional theory (DFT) computational 
methods has been extensively covered elsewhere37,37 and full 
details are provided in the supplementary information. 
Relevantly, Ab initio (Born-Oppenheimer) molecular dynamics 
(AIMD) simulations of the commercial G338 were conducted 
with the electronic structure code CP2K/Quickstep code, 
version 2.5.1 (CP2K developers group, 2014). The PBE method 
with Goedecker-Teter-Hutter pseudopotentials were employed 
for core-valence electron interactions, whilst all valence 
interactions were represented using a double-zeta valence 
polarized basis set. Additional investigations of the low-energy 
vibrations were completed with electronic structure 
calculations using a molecular cluster model38 and the Gaussian 
09 program package,39 with focus on resolving the interfacial 
THz modes. Models were geometry-optimised and 
complemented by analytical frequencies determined at the 

Figure 3. Raw THz spectra of reflectance (dB) as a function of frequency at selected times 
of setting for GIC-1 cement. After an initial passive stage, the feature broadens and red 
shifts before stagnating again at 24 hours. 
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B3LYP/DGDZVP level of theory. Selected vibrations in the THz-
range were then visualised with their relative force vectors. 

3. Results and discussion 
3.1 Coherent-THz Spectroscopy Measurements 

Plots of the frequency domain at selected times (5, 10, 20 min 
and 3, 6.5, 24, 30 hours) show a main broad reflectance feature 
centred around 310 GHz (Fig.3). After an initial stage of little to 
no change, after ~10 mins the feature progressively broadens 
and red-shifts to lower frequencies, prior to once again settling 
after 24 hours, into a broad feature spanning ~240-290GHz. This 
emerging THz feature is attributed to the initiation of the 
cementation reaction, wherein the polymer (acid) attacks the 
glass (base) at its surface, initiating an eruption of ions [4,5] led 
by Ca2+ and followed by Al3+, among other reactive changes to 
the structure and dynamics (Figs. 1, 2). The frequency changes 
are on a relatively small scale, yet are expected as-such, as the 
measurements are on the entire cement. Any changes observed 
only arise from the formation of the interfaces between glass 
and polymer, as well as those between crosslinked polymer 
chains within the matrix during setting, whilst the change to the 
overall GIC material is negligible. Dynamical softening is 
expected, in the formation of a cement with higher ductility 
than its dominating fraction of glass.40,41 Such non-monotonic 
behavior has been previously observed in measurements of 
bone cements (calcium phosphate) from in situ energy-
dispersive X-ray diffractometry (EDXD) and FTIR,42 among 
others.43-47 

These snapshot changes in time are in-line with practical 
and clinical observations and manufacturers’ guidelines on 
setting and working times.40,48 Therein an initial stage of little 
material change (i.e. setting and hardening of the cement) is 
required for the practitioner to introduce and form the 
material, followed by a sharp and exponential setting to set the 
material in place and form. This is intelligible in human terms, 
where a dental practitioner will strongly recommend to not 
touch or disturb the filler cement material, and to not ‘chew on 
it' till tomorrow, or better for 24 hours. Such temporal 
agreement affirms this frequency regime as a realistic probe of 
ongoing changes associated with GIC setting and provides a 
partial view of the dynamical ranges these are occurring at. 

Towards more completely resolving this time-dependence 
of reflectance over setting, all 2001 frequency points from 220 
to 325 GHz (50 MHz resolution) collected were summed 
together and subsequently converted to the inverse parameter 
generating time-dependent values for the absorption 
coefficient, as per: 

𝐴𝐴 =
10

𝑅𝑅𝑑𝑑𝑑𝑑
20�

𝑑𝑑  

(1) 

where, A is absorption coefficient, RdB is the measured 
reflection coefficient in dB and d is the sample thickness in cm. 

The values at each measurement time (every 3 minutes) 
were plotted over the full setting on a log-scale and normalised 
to the value of the initial start time (t0), generating time-

dependent profiles of the absorption coefficient (Fig.4). 
Absorption as a function of time show non-linear profiles over 
setting for both GIC-1 and Fuji Triage cements. Both profiles 
show non-linear trends, with maxima at 0.2 and 3 hours for GIC-
1 and 0.3 and 4.5 hours for Fuji Triage, aligning with times for 
the release and crosslinking of Ca2+ and Al3+, respectively, as 
identified in precipitation46 and 27Al-NMR experiments23 and 

illustrated in Fig.2. Inflection points at 6.5 and 9 hours, for GIC-
1 and Fuji-Triage, respectively, were identified from sigmoidal 
fits of the profiles, corresponding to slowing down of the 
crosslinking with exhaustion of ions available, and the 
formation of interfaces, effectively isolating unreacted glass 
surfaces and non-crosslinked ions from the reactive aqueous 
polymer phase. 

Generally, both cements exhibit similar trends with 
crosslinking peaking earlier-on in GIC-1. Changes over time 
were ~4 times the magnitude of those in Fuji Triage, correlated 
with GIC-1’s higher powder:liquid ratio (2.5:1 vs 2:1) resulting in 
the observed faster setting,49 as well as its higher polymeric acid 
concentration (40% vs 20%) leading to more complete setting.50 
In practice, Fuji is used as a sealant and surface protectant for 
tooth and bone, with ‘free-flowing consistency’ as advertised by 
the manufacturer. A requisite property is early low viscosity to 
flow into pits and fissures, or across surfaces before it hardens. 
Hence the observed delayed peaking and extant of crosslinking 
relative to GIC-1. 

The setting profiles are representative of the polymerisation 
of dental composite resins,29 yet on much longer time scale as 
such cements are much slower. While the setting of GICs is 
initially an acid-base reaction with the released ions being 
bound by the polymer’s carboxylate groups (COO-) to form a 
polyacrylate salt hydro-gel matrix, this is followed by cross-
linking of the polymer chains, analogous to the cross-linking in 
composite resins. Although the changes in material absorption 
coefficient are often correlated with changes in density, the 
curing of light-activated dental composite resins found no clear 
linear dependence on the density.29 Also, the ~18% change of 

Figure 4 Time-dependent absorption for GIC-1 and Fuji Triage cements over 30 and 24 
hours of setting, respectively. Absorption shows non-linear phenomena associated with 
ion release and crosslinking to form glass-polymer interfaces. Fuji Triage’s retardation of 
features of time and absorption magnitude reflect its primary commercial purpose of 
luting, ‘free-flowing’ to effectively permeate cracks and fissures. 
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absorption (29→24.5 cm-1) observed over setting in this study 
(Fig.4) was substantially larger than the commonly observed ~3-
3.5% GIC setting shrinkage, which is equivalent to density 
change,46 hence the oscillatory change observed from t0 

onwards is therefore due mostly to changes in chemical, 
material, and interfacial properties and thus dynamics, during 
cementation. 
3.2 Small Angle Neutron Scattering (SANS) 

The time resolved SANS for GIC-1 setting over 24 hours, and 
comparative data of the component G338 glass powder are 
presented in Fig.5a, plotted in log-log scale using the Porod method 
as well as in Ln-Q2 scale using the Guinier method (Fig.5b). The Porod 
plots (Fig.5a) all have similar initial power-decay gradients at lower 
Q of approximately -3.6, which is indicative of large spherical 
structuring causing scattering, yet with rougher surfaces51 than the 
power of the glasses with smoother surfaces ~ -3.8 to -4.0 within the 
length scale of ~10-300 Å. This is attributed to the specific ball milling 
processes of glasses in commercial GICs, such as G338, which 
roughen the outer edges effectively raising surface area and 
reactivity. This also introduces stresses in the glass which act as a 
physical driving force to further push the reaction forward. 

The time-dependent changes in the SANS signal occur 
principally between 1.5 and 14 hours of GIC-1 setting, and thus 
it is highly probable these arise from the surface scattering at 
the interfaces between the glass powder and polymer. The 
shoulder signal at q~0.045 Å-1 present in the diffraction pattern 
of the unreacted glass also persists in the setting cement 
through to 24 hours and corresponds to a structural motif in the 
glass which is still present in the cement possibly as the matrix 
aggregates over the glass particles. The position of this shoulder 
facilitates the approximation of the correlation length of the 
cluster using ξ ~2π/q ~139 Å. Coincidently, in Fig.5b, there is 
also a shoulder ~ 0.002 Å-2, arising from the same glass motif. 
The position of the shoulder appears at the same position in 
setting cement, yet with some variance in amplitude due the 
cement having a smaller fraction of glass. 

Another shoulder appears at ~ 0.01 Å-2 in Fig.5b 
corresponding to ξ ~62.8 Å in the glass but does not appear in 
the cement. Although these features are not expected as G338 
glass has been reported to be amorphous at room 
temperature,33 as also indicated by the absence of Bragg peaks 
in the Q ~ 2 to 10 Å-1 range where the first sharp diffraction 
peaks should appear in a crystalline glass; the origin of these 
thus remain unknown. 

Each variance in the cement spectra coincides well with 
those in the glass spectrum at the same Q positions (Fig.5a) 
indicating that the diffraction signal is essentially from the 
unreacted glass particle surfaces which also form glass-matrix 
interfaces. This reconfirms the expectations of most of the 
cement being unchanged over the course of setting, with the 
changes that are observed being at reactive interfaces.4,17 And 
the unreacted glass embedded within the cement matrix retain 
the original glass characteristics, evidenced by the DSC-
determined heat-capacity (Cp) of the GIC cement 
demonstrating the same evolution of the glass-transition 
behaviour of the original glass [40]. The higher amplitude in Q 
range ~0.1 – 0.5 Å-1 is consistent with the hump previously 
observed with SANS, attributed to the growth of a siliceous 

hydrogel layer on the surface of the glass particles.52 In addition 
to silica hydrogel, we also attribute this general hump to 
diffraction from aluminium phosphate gel since there is P in 
G338 glass.5 

In the Porod region preceding the FSDP the gradient drops 
to -2.4 (Fig.5a), indicating the presence of mass/volume 
fractals. This is in-line with the increased crosslinking of the 
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 polymer and its chelating the Al3+ and Ca2+ ions released by acid 
attack on the glass, as well as the growth of the silica gel to form 
the complex interfacial matrix. Porod power oscillates as a 
function of time (Fig.5c) reaching a maximum at ~8 h, attributed 
to interfacial tension buildup before descending into a 
minimum at ~14 h corresponding to stress release. This is in 
good agreement with the oscillating position of the FSDP QFSDP 
(2π/rIRO) and integrated peak intensity, which are pressure- and 
composition-dependent. While the fluctuating FSDP indicates 
changes in composition and internal stress, the fluctuating 
Porod power indicates changes in the degree of mass fractal, a 
measure of at the scale of polymer crosslinking at the interfacial 
region. 

Finally, the real-space atom-atom pair correlations (Fig.5d), 
Al-O4, Al-O6 and O-[Si/Al]-O in particular that reside at the 
interfaces, also vary with setting in a coordinated fashion. 
Between 8-14 h, Al-O4 amplitude increases, whilst those of Al-
O6, O-[Si/Al]-O and C=O inversely decrease; and at 14-24 h, Al-
O4 amplitude decreases, whilst those of Al-O6, O-[Si/Al]-O and 

C=O inversely increase. The opposite trend of Al-O4 and C=O is 
logical as the polymer’s carboxylate groups bind with Al raising  
coordination number and lengthening the C=O to a C-O. These 
are also in temporal accordance with the opposing kinetic 
energy oscillations of Al and C (See Fig.6) which explains the 
variations in interfacial aluminium coordination detected in 
ΔG(r). Albeit relatively small (~0.2-1% of a bond length), these 
changes are related to the reactive cementation at interfaces 
and averaged over all Al-O and C=O/C-O bonds present in these 
samples, hence are pronounced with respect to interface 
formations at cement interfaces. 
 
3.3 Ab Initio Molecular Dynamics and Quantum Chemical 
Structures 

Simulations of the glass and the interface with the chelating 
polymer helped resolve the influence of Al-coordination on 
structuring, dynamics and properties in the glass. AIMD 
computations revealed disordered structuring throughout for 

Figure 5 (a)Time resolved SANS for GIC-1 (over 24 hr setting) and glass powder plotted in log-log scale using the Porod method; approximate location of the First Sharp Diffraction 
Peak (FSDP) is shown. (b) Porod power variation over time in the Porod-region preceding the FSDP. (c) SANS plotted in Ln-Q2 scale using the Guinier method. (d) WANS pair 
correlation function g(r) differences between 14 h and 8 h as well as 24 and 14 h. Each pair correlations are noted and the relevant changes marked with arrows. 
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tetra-, penta- and hexa-coordinated Al (Al-IV, Al-V and Al-VI, 
respectively). A snapshot of the final structuring along the AIMD 
trajectories at 300 K of the G338 glass shows Si–O–Si, Si–O–Al, 
and Al–O–Al networks comprising the core structure of the 
glass, with free cations balancing the negative charges at AlO4 
sites and fragmenting the glass network (Fig. 6(a)).53 Such 
disordering manifests itself in complex collective modes in the 
THz-regime; contrasting against phonon modes in ordered 
crystalline structures. Fig. 6(b) also shows the partial vibrational 
vibrational densities of states (VDOS) for the Al atoms in the 
G338 structure decomposed into the 4-, 5- and 6-coordinated 
species (Al-IV, Al-V and Al-VI). The VDOS showed Al-
coordination dependence, where Al-IV displayed red-shifting of 
collective modes in the ~0- 5 THz range and blue-shifting of 
those in the ~19-30 THz range, relative to those of Al-V and Al-
VI. This is indicative of the higher 5- and 6-coordinations 
constraining Al in the glass, and leading to a more rigid, 
inflexible structuring, and thus rising brittleness. Such raised 
constraint has been previously proposed as being a potentially 
major contributor to the brittleness in glassy and other 
composite systems.  
 Quantum chemical models employing density functional 
theory (DFT) helped resolve the type of collective modes at 
polymer-glass interfaces. These low-THz motions involve 
twisting, rocking, bending and compressive type modes, 
(illustrated previously in ref 38), as well as the dis-rotatory types 
(Fig. 7), in which the bridging Al-atom acts as a hinge to these. 
Overly-constrained Al-VI being much less flexible, whilst Al-IV 
being under-coordinated and thus less strongly binding the two 
components together. A compromise is thus found with Al-V, 
itself able to adopt trigonal bi-pyramidal and square-based 
pyramidal geometries. The relatively low barriers to their inter-
conversion providing a means to distort and relieve instability 
arising from compressive or stretching forces acting at these 
interfaces. These modes are collective modes, involving the 
simultaneous THz-energy scale motions of the polymer, glass 
and their interfacial bonding. 

 

4. Conclusions 
THz spectroscopy has proven a useful technique for monitoring 
the setting mechanism of glass cements and in the 
determination of their THz dielectric parameter changes over 
real time. Specifically, it has revealed non-monotonic trends 
through an undulating signal over ~24 hours of setting, 
including a ‘coupling point’ at ~3 hours where cementitious 
gelation dominates, followed by subsequent interfacial growth 
between the cements’ polymer and glass composite 
components. After coupling peaks, the setting slows through to 
the end of 24 hours, where the bulk of the cementation reaction 
is completed. 

These temporal trends were reproduced with parallel 
measurement of the same cement using small angle neutron 
scattering (SANS) tracking real-time structural changes from 
~0.1-30 nm, from atomic scale through the meso-scopic Porod 
and Guiner regions. Changes in structuring over setting tracked 
the formation of interfaces of the mill-roughened glass surfaces. 
Complementary neutron Compton scattering (NCS) provided in 
situ tracking of setting to determine individual atomic kinetic 
energies of the principal elements in the glass and polymer 
components of the cements (Ca, Al, Si, C, O, H). The changes in 
kinetic energies likewise showed similar times for peaking and 
dampening of effects, as was found with THz spectroscopy and 
SANS structuring measurements, providing a glimpse into the 
element-specific strengthening and weakening of bonding.  

These trends were made intelligible through high-end ab 
initio molecular dynamics simulations and electronic structure 
computations of the glass and polymer-glass interface. These 
helped identify the changes in the underlying low-energy 
dynamics ongoing throughout the bulk cements and at the 
forming interfaces as cementation progressed over 24 hours. 
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